Cryogenic cooling is used to enable efficient, gas mediated electron beam induced etching (EBIE) in cases where the etch rate is negligible at room and elevated substrate
plasma etching 5, 6 because many of the precursors that yield radicals responsible for plasma etching have properties that are undesirable for EBIE. Ideally, a substrate etched by EBIE is exposed to a vapor-phase precursor that adsorbs to, but does not etch the material sponta-
neously. An electron beam is then used to dissociate surface-adsorbed precursor molecules, generating fragments that react with the substrate to produce species which desorb, thereby volatilizing substrate regions near the beam 1 (see inset of Figure 1(a) ). EBIE is typically performed at room temperature because both heating and cooling can inhibit etching by increasing and decreasing the thermal desorption rate of surface-adsorbed precursor molecules and the final reaction products, respectively.
The limited scope of room temperature EBIE is exemplified by nitrogen trifluoride (NF 3 ), a common fluorine precursor used in laser 7 Residual contaminants compete for surface sites with NF 3 adsorbates and can therefore inhibit EBIE, particularly at elevated temperatures where the NF 3 coverage is low and diffusivity (of all species at the surface) is relatively high.
At reciprocal temperatures greater than ∼ 0.0075 K −1 , the exponential increase in etch (Supporting Information Section S3).
In our experiments, analysis of the EBIE reaction products by mass spectrometry was not possible due to the high NF 3 pressure and small quantity of volatile molecules generated in EBIE. However, based on other dry chemical etch processes, 37 and XeF 2 mediated EBIE of Si, 38 the etch reaction products are most likely of the form SiF n , where n = 1 to 4, and the thermal desorption rate increases as n → 4.
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The etch pit depth data shown in Figure 1b can be used to extract the thermal activation energy (E) of the process responsible for the observed temperature dependence. Arrhenius analyses of the curves yield an activation energy of ∼ 63 ± 1 meV for EBIE performed using is typical when the native oxide layer is compromised (by pinhole defects, or by EBIE). This behavior is clearly unfavorable as it inhibits the ability to etch Si with high spatial resolution (Supporting Information Section S1e). In comparison, NF 3 mediated EBIE did not give rise to any observable spontaneous etching of the Si substrate. Instead, it yielded a well defined etch pit with a depth of ∼ 55 nm (Figure 3a) , and a volumetric etch rate that is ∼ 2.4 times greater than that of Cl 2 under the same electron exposure conditions.
A complex pattern etched into Si using NF 3 is shown in Figure 4 . It demonstrates high resolution, localized editing of Si in the absence of highly toxic, flammable and corrosive precursors that are unsuitable for use in electron microscopes (ultimate EBIE resolution is governed by the electron beam diameter, proximity effects and material roughening that occurs during etching). 42 We note that SF 6 has also been reported as a precursor for room temperature EBIE of Si. 24 This etch process is, however, extremely inefficient and inappropriate for high resolution EBIE, and may give rise to unintended deposition of sulphur. In summary, cryogenic cooling was used to enable efficient gas mediated electron beam induced etching using nitrogen trifluoride as the etch precursor. The etch rate is limited by thermal desorption of weakly bound NF 3 adsorbates. The process was demonstrated using Si, SiO 2 , SiC and Si 3 N 4 , and enables high resolution EBIE in the absence of artifacts caused by delocalized spontaneous etching of the substrates. 
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